1. The polyprenylphenol and quinone complements of the non-photosynthetic Gram-negative bacteria, Pseudomonas ovalis Chester, Proteus mirabilis and 'Vibrio 01' (Moraxella sp.), were investigated. 2. Ps. ovalis Chester and Prot. mirabilis were shown to contain 2-polyprenylphenols, 6-methoxy-2-polyprenylphenols, 6-methoxy-2-polyprenyl-1,4-benzoquinones, 5-demethoxyubiquinones, ubiquinones, an unidentified 1,4-benzoquinone [2-polyprenyl-1,4-benzoquinone (?)] and 'epoxyubiquinones'. 'Vibrio 01' was shown to contain only 5-demethoxyubiquinones, ubiquinones and 'epoxyubiquinones'. 3. It was established that in Ps. ovalis Chester 2-polyprenylphenols, 6-methoxy-2-polyprenylphenols, 6-methoxy-2-polyprenyl-1,4-benzoquinones, 5-demethoxyubiquinones and 2-polyprenyl-1,4-benzoquinones (?) are precursors of ubiquinones. 4. Intracellular distribution studies showed that in Ps. ovalis Chester ubiquinone and its prenylated precursors are localized entirely on the protoplast membrane. 5. Investigations into the oxygen requirements for ubiquinone biosynthesis by Ps. ovalis Chester showed that the organism could not convert p-hydroxybenzoic acid into ubiquinone in the absence of oxygen, although it could convert a limited amount into 2-polyprenylphenols. 6. Attempts were made to prepare cell-free preparations capable of synthesizing ubiquinone. Purified protoplast membranes of Ps. ovalis Chester were found to be incapable of carrying out this synthesis, even when supplemented with cytoplasm. With crushed-cell preparations of Ps. ovalis Chester, organism PC4 (Achromobacter sp.) and Escherichia coli, synthesis was observed, although this was attributable in part to a small number of intact cells present in the preparations.
It is now well established that p-hydroxybenzoic acid is a precursor of ubiquinone in both photosynthetic and non-photosynthetic Gram-negative bacteria (Rudney & Raman, 1966; Whistance, Dillon & Threlfall, 1969b) . In contrast, the pathway(s) by which this acid is incorporated into bacterial ubiquinones is (are) not clearly defined. The greatest advances in respect of the problem have been made by K. Folkers, H. Rudney and their co-workers who detected in , and subsequently isolated from Friis, Nilsson, Daves & Folkers, 1967) , the lipids of the photosynthetic bacterium, Rhodospirillum rubrum, a series of decaprenyl-substituted phenols and quinones which are believed to be intermediates in the biosynthesis of ubiquinone-10 in this organism (Scheme 1). At present, however, there is experimental evidence of such a role for only two of the compounds, 2-decaprenylphenol and 6-methoxy-* Present address: Department of Medical Biochemistry, University of Manchester, Manchester, U.K. Olsen et al. 1966) .
2-decaprenylphenol
Recently Whistance et al. (1969b) have examined a number of non-photosynthetic Gram-negative bacteria for the presence of polyprenylphenols of the type known to be precursors of ubiquinone in R. rubrum. Of the 22 organisms examined all (ten) of the facultative anaerobes and half (six) of the obligate aerobes contained both 2-polyprenylphenols and 6-methoxy-2-polyprenylphenols, whereas the other six obligate aerobes contained neither. Radiochemical studies with p-hydroxy[U-14C]-benzoic acid provided some evidence that in the polyprenylphenol-containing organisms, Escherichia coli, Pseudomonas ovalis Chester and P8eudomonas fluorescens (the remainder were not examined), these compounds are ubiquinone precursors. In addition, it was shown that the latter organisms and the non-prenylphenol-containing organism 'Vibrio 01' (Moraxella sp.), contain a number of polyprenylquinones which become highly labelled on administration of p-hydroxy[U-14C]benzoic acid. (after Daves, Friis, Olsen & Folkers, 1966; ).
On the basis of their chromatographic properties some of these quinones were tentatively identified as 5-demethoxyubiquinones, a quinone series the nonaprenyl form of which is known to occur in Ps. ovalis (Imamoto & Senoh, 1968 ) and the decaprenyl form of which is believed to be a ubiquinone-10 precursor in R. rubrum .
In the present paper further studies on the biosynthesis of ubiquinone from p-hydroxybenzoic acid by the non-photosynthetic Gram-negative bacteria, Ps. ovalis Chester, Proteus mirabilis and 'Vibrio 01', are described. These investigations were concemed with (a) the nature of the intermediates on the biosynthetic pathway, and (b) the intracellular location of ubiquinone and its prenylated precursors. A preliminary report on some aspects of this work has appeared previously (Whistance, Brown & Threlfall, 1969a (Parson & Rudney, 1964) . The crude product was purified as described by Whistance, Threlfall & Goodwin (1967 Whistance et al. (1969b) . Cultures of up to 10 litres in volume were grown in a New Brunswick Fermenter (Whistance et al. 1969b ); cultures of greater than 10 litres in volume were grown in the fermenter assembly described by Robinson (1964) . All organisms were maintained by periodic subculture on nutrient agar slopes (Whistance et al. 1969b ).
Harve8ting and determination ofdry weight ofcell8. These were accomplished by using the methods described by Whistance et at. (1969b) .
Preparation of protoplast membranes. These were prepared by an adaptation of a method described by Nagata, Mizuno & Maruo (1966) . After harvesting and washing by resuspension in 0.05M-tris-HCl buffer, pH 8.0, the cells (from 21 of growth medium) were suspended in 0.05M-tris-HCI buffer, pH 8.0, containing 1M-sucrose (to give a turbidity reading of 4 in an EEL colorimeter). Lysozyme (40,ug/ml) and EDTA (400,ug/ml) were then added and the suspension was allowed to stand for 30min at room temperature. At the end of this time the suspension was centrifuged for 30min at 29700g in a Sorvall RC-2B refrigerated centrifuge. The Whistance et al. (1969b) .
(b) 6-Methoxy-2-polyprenyl-1,4-benzoquinones. The 8%-E/P fraction was chromatographed on thin-layers (impregnated with Rhodamine 6G) developed with benzene-chloroform (1:1, v/v). In this system, with low plate loadings, a partial separation of 6-methoxy-2-polyprenyl-1,4-benzoquinones (RF 0.42) from 5-demethoxyquinones (RF 0.45) can be achieved. The 6-methoxy-2-polyprenyl-1,4-benzoquinones were separated from remaining traces of 5-demethoxyubiquinones and resolved from each other by chromatography on reversed-phase thin-layers developed with aq. 90% (v/v) acetone (Table 1) . Finally, to remove paraffin, each homologue was chromatographed on a thin-layer developed with benzene.
6 -Methoxy -2 -polyprenyl -1,4 -Benzoquinones were characterized on the basis of their u.v. spectra (Fig. 2) . The lengths of their side-chains were determined by reversed-phase chromatography (Table 1) against a sample of known chain length (nonaprenyl-; isolated from Ps. ovalis Chester in the course of this investigation).
(c) Ubiquinones and 5-demethoxyubiquinones. The 5%-E/P fraction was chromatographed on thin layers (impregnated with Rhodamine 6G) developed with benzene-chloroform (1:1, v/v). With low plate loadings it is possible to obtain a complete separation ofubiquinones (RF 0.53) from 5-demethoxyubiquinones (RF 0.45) in this system. The ubiquinones were purified and identified by the procedures described by Whistance et al. (1969b) . The 5-demethoxyubiquinones were combined with those from the 8%-E/Pfraction and then resolved by chromatography on reversed-phase thin layers developed with aq. 90% (v/v) acetone (Table 1) . Finally, to remove paraffin, each homologue was chromatographed on a thin layer and developed with benzene.
5-Demethoxyubiquinones were characterized on the basis of their u.v. spectra ( Fig. 1 (Fig. 2) (the method by which the quinones were converted into their chromenols is given below). 2. Radiochemical experiments. The procedures employed were similar to those described above, but because of the small amount of cells used in the incubations with radiochemicals, it was not possible to isolate sufficient 6-methoxy-2-polyprenylphenols, 6-methoxy-2-polyprenyl-1,4-benzoquinones and 5-demethoxyquinones to estimate the amounts present spectroscopically. However, since we were usually interested in only the total incorporation (c.p.m.) of radioactivity into each compound, this did not pose a serious problem.
Chemical conver8sion of 5-demethoxyubiquinone to 7-demethoxyubichromenol. 5-Demethoxyubiquinone (0.1-3 mg) was refluxed for 6h in 1 ml offreshly distilled pyridine. At the end of this time the mixture was diluted with saturated NaCl solution and extracted withlight petroleum (b.p. 40-60°C). 7-Demethoxyubichromenol (RF 0.30) was separated from unchanged 5-demethoxyubiquinone (RF 0.45) by chromatographing the light-petroleum extract on thin layers developed with benzene-chloroform (1:1, v/v). The yield of purified product was about 80%.
Reaction of 6-methoxy-2-polyprenyl-1,4-benzoquinone with cy8teine. A purified sample of 6-methoxy-2-polyprenyl-1,4-benzoquinone (0.04,umol) was dissolved in 0.5ml of ethanol. A 1.61AI portion of 0.2M-cysteine in 0.1 M-sodium phosphate buffer, pH 7.6, was then added to both the sample and reference cell, and the u.v. spectra was determined after 0, 5, 10 and 20 min.
Chemical degradation8. 14C radioactivity in the methoxyl group of 6-methoxy-2-nonaprenyl-1,4-benzoquinone was determined by Zeisel degradation (Spiller, Threlfall & Whistance, 1968) . Spectrophotometric e8timation of quinones and phenol8.
(a) Ubiquinones, 5-demethoxyubiquinones and 6. methoxy-2-polyprenyl-1,4-benzoquinones. These were estimated by measuring the fall in extinction at their wavelength of maximum absorption when an ethanolic solution of the quinone was treated with NaBH4 under the conditions described by Threlfall & Goodwin (1967) .
In all cases the o,xid. -red. value of ubiquinone (12250; Lawson, Threlfall, Glover & Morton, 1961) was used to calculate the amounts present.
(b) 2-Polyprenylphenols and 6-methoxy-2-polyprenylphenols. 2-Polyprenylphenols were assayed in cyclohexane by using a molar extinction coefficient of 2000 (Amax. 272nm) (Imamoto & Senoh, 1967) . 6-Methoxy-2-polyprenylphenols were assayed in cyclohexane by using the same coefficient (Amax 273.5nm).
Spectrophotometry. All u.v. spectra were determined in a Unicam SP. 800 spectrophotometer. Absorption maxima were determined accurately in a Beckman DK-2A spectrophotometer.
Radioas8ay. The methods employed have been reported by Threlfall, Whistance & Goodwin (1968) and Whistance et al. (1967) . All counts were corrected for background and instrument efficiency.
Solvent&. Light petroleum (b.p. 40-60°C), benzene (A. R.) and diethyl ether were dried over sodium wire and redistilled; ether was also distilled over reduced iron immediately before use. Spectroscopic solvents were of the appropriate grade; all other solvents were of A.R. or equivalent grade. RESULTS Isolation of possible polyprenylphenol and quinone precur8ors of ubiquinone. The organisms selected for study were the prenylphenol-containing strict aerobe, P8. ovalti Chester, the non-prenylphenolcontaining strict aerobe, 'Vibrio 01', and the prenylphenol-containing facultative anaerobe, Prot. mirabiti8. This choice was determined by the fact that the radiochemical studies had provided some evidence of the presence in these organisms of compounds with properties expected of 2-polyprenyl-1,4-benzoquinones and 5-demethoxyubiquinones (Whistance et al. 1969b ; G. R. Whistance & D. R. Threlfall, unpublished work) .
(a) P8. ovalti Chester. The wet cell mass (1.6kg) from 3101 of aerobically grown culture was extracted by our usual procedure to give 20.5g of lipid. After removal of the more polar lipids by passage through a colunm of Brockmann grade III acid-washed alumina (SOOg) developed with ether, the lipid extract (1g) was chromatographed on a column of Brockmann grade III acid-washed alumina (200g) developed with increasing amounts of diethyl ether in light petroleum (b.p. 40-60°C). The distribution ofthe various phenols and quinones in the fractions obtained from this chromatography, together with details of their purification by adsorptive t.l.c., are given in Table 2 . The quantitative aspects of the analysis are given in Table 3 .
As in a previous investigation (Whistance et al. 1969b) , the 1%. and 3%-E/P fractions were found to contain 6-methoxy-2-polyprenylphenols and 2-polyprenylphenols respectively. Reversed-phase t.l.c. and staining with Gibbs reagent (Whistance et al. 1969b) shoywed that the homologues of both compounds, from tetra-to nona-prenyl, were present. In the cases of 2-nonaprenylphenol, 2-octaprenylphenol and 6-methoxy-2-nonaprenylphenol sufficient amounts were isolated to obtain u.v. spectra; these were identical with those of authentic samples (Imamoto & Senoh, 1967; Daves et al. 1967) . The identities of 2-nonaprenylphenol and 6-methoxy-2-nonaprenylphenol were confirmed by mass spectrometry, the samples having parent ions at m/e 706 and 736 respectively.
The 5%-E/P fraction contained ubiquinone and a quinone complex having a u.v. spectrum similar to that of 5(6)-demethoxyubiquinone. Reversedphase t.l.c. of the complex showed it to consist of seven components having the RF values expected of 5(6)-demethoxyubiquinones-4-9 (Table 1 ). The u.v. spectra (Fig. 1) closely to those reported for authentic 5-and 6-demethoxyubiquinones (Imamoto &.Senoh, 1968; Daves, Wilczynski, Friis & Folkers, 1968 (Imamoto & Senoh, 1968) . To establish which of the two isomers was present the quinones were converted into their corresponding chromenols and the u.v. spectra (Fig. 3) of these determined [7-and 8-methoxyubichromenols can be readily differentiated by their u.v. spectra (Daves et al. 1968) ]. In all cases the spectra were identical with that reported for 7-demethoxyubichromenol (Daves et al. 1968) .
The 8%-E/P fraction contained 5-demethoxyubiquinones and small amounts of 5(6)-methoxy-2-nonaprenyl-1,4-benzoquinone. The identity of the latter quinone was established as follows: (1) its u.v. spectra (Fig. 2) . Support for this was obtained from the mass spectra of the two principal quinones from the 20%-E/P fraction, which in each case showed peaks at m/e 812 (M+2), 810 (M) and 235 (base peak), i.e. those expected for epoxyubiquinones-9. (Whistance et al. 1969) .
t This term is used to denote a complex mixture of quinones in the 12%-E/P, 20%-E/P and ether fractions that had u.v. spectra similar to that of ubiquinone.
obtained from wet cell masses of 'Vibrio 01' (325g) and Prot. mirabilis (350g) from 541 aerobic cultures were examined by the chromatographic and u.v. spectroscopic procedures described above. The results of the analyses are given in Table 4 . Conversion of 2-polyprenylphenols, 6-methoxy-2-polyprenylphenols, 6-methoxy-2-polyprenyl-1,4-benzoquinones and 5-demethoxyubiquinones into ubiquinones in Ps. ovalis Chester. Evidence that in Ps. ovalis Chester these compounds are precursors of ubiquinones was obtained from a suitable pulselabelling experiment (Table 5 ). It was found that on incubating cells previously exposed to p-hydroxy-[U-14C]benzoic acid with unlabelled p-hydroxybenzoic acid the radioactivity lost from 2-polyprenylphenols, 6-methoxy-2-polyprenylphenols, 2-polyprenyl-1,4-benzoquinone (?), 6-methoxy-2-polyprenyl-1,4-benzoquinones and 5-demethoxyubiquinones could be completely accounted for by the increase in radioactivity in the ubiquinones (Table 5) . Further, the loss of radioactivity from thesepolyprenylphenols and quinoneswas so marked that there can be little doubt that they are all intermediates in the biosynthesis of ubiquinone. It may be noted that in the second part (and presumably the first part also) of the incubation a marked synthesis of ubiquinone took place.
Requirement of oxygen for ubiquinone biosynthesi8s in Ps. ovalis Chester. Whistance et al. Spiller et al. (1968) found that in the absence of oxygen maize shoots and baker's yeast were unable to synthesize ubiquinone from p-hydroxybenzoic acid. observed a similar effect with E. coli. It was decided therefore, for comparative purposes, to investigate the effect of the presence or absence of oxygen on the biosynthesis of ubiquinone in Ps. ovalis Chester. It was found that in the absence of oxygen the incorporation ofradioactivity into the compounds examined was markedly decreased, the total incorporation falling from 33.5% to 1.3% (Table 6 ). The ratios of total radioactivity incorporated into each compound under aerobic and anaerobic conditions show that the fall in incorporation is greater the more oxygenated the compound. Thus the greatest fall is seen for ubiquinone, followed in order by 6-methoxy-2-polyprenyl-1 ,4-benzoquinones plus 5-demethoxyubiquinones, 2-polyprenylphenols and 6-methoxy-2-polyprenylphenols. This inhibition of ubiquinone biosynthesis can also be seen in the amounts of ubiquinone present; thus the cells from the aerobic incubation contained 3.71,mol as opposed to 2.85,umol in the cells from the anaerobic incubation.
Intracellular distribution of ubiquinone and its prenylated precursors in Ps. ovalis Chester. Previous investigations had provided evidence that in non-photosynthetic Gram-negative bacteria ubiquinone is associated entirely with the protoplast membrane (Bishop & King, 1962; Rebel, Sensenbrenner & Mandel, 1964 Table 5 . Conversion of 2-polyprenylphenols, 6-methoxy-2-polyprenylphenols, 6-rnethoxy-2-polyprenyl-1,4-benzoquinones and 5-demethoxytibiquinones into ubiqutinones in Ps. (Whistance et al. 1969b) mtrabilis established that they contain 2-polypronylphenols, 6-methoxy-2-polyprenylphenols, 6-methoxy-2-polyprenyl-1,4-benzoquinones [a family of quinones the existence of which in Nature has only previously been indicated by mass-spectroscopic studies on a complex lipid fraction from R. rubrum )], 5-demethoxyubiquinones, ubiquinones, 'epoxyubiquinones' and an umidentified 1 ,4-benzoquinone and 2-polyprenyl-1 ,4-bonzoquiinone(?)] (Tables 1, 2, 3 and 5 and Whistance et at. 1969b) . In Ps. ovalis Chester 2-polyprenylplhenols, 6-mnethoxy-2-polyprenylphenols, 6-methoxy-2-polyprenyl-1 ,4-benzoquinones,5-demethoxyubiquinones and the unidentified 1,4-benzoquinones were showin to be precursors of ubiquinones (Table  5 ). More recently, these compounds have also been shown to be ubiquinone precursors in Prot. mirabilis (G. R. Whistance & D. R. Threlfall, unpublished work). Although no evidence could be found of the presenec of 5-hydroxy-6-methoxy-3-inethyl-2-polyprenyl-1 ,4-benzoquinone, the above findings suggest that in Ps. ovalis Chester and Prot. mirabilis one pathway of ubiquinone biosynthesis is simnilar to pathway A outlined in Scheme 1. The detection in both organisms of another 1,4-benzoquinono precursor of ubiquinone, possibly 2-polyprenyl-1,4-benzoquinone, indicates that they also possess at least one other pathway. Studies on the polyprenyl and quinone complement of 'Vibrio 01' showed it to contain detectable amounts of only 5-demethoxyubiquinones, ubiquinones and 'epoxyubiquinones' (Table 4; Whistance et al. 1969b ). The apparent absence of 2-polyprenylphenols, 6-mnethoxy-2-polyprenylphenols and 6-mnethoxy-2-polyprenyl-1 ,4-benzoquinones suggests that in this organism, and indeed all other organisms not possessing the aforementioned comiipounds, prenylation is a late step in ubiquinone biosynthesis. It was established that in ls. ovalis Chester ubiquinlone and its prenylated precursors are localized entirely oIn the protoplast membranie. This is not uinexpected in view of the lipophilic nature of the compounds uinder investigation anid indicates that the overall synthesis of ubiquinone fromn p-hydroxybeinzoic acid takes place at this site.
In an investigation into the oxygeni requirement for ubiquinione biosynthesis by P's. ovalis Clhester it was found that the absenice of oxygen1 almIost completely inhibited the incorporationi of 14C radioactivity into ubiquirnone fromn p-hydroxy[U-'4C]-benzoic acid, although soino radioactivity was incorporated into 2-polyprenylphenols (Tablo 6). A similar observation has been made by working with E. coli. These findings, together with tlle fact that maize shoots (Whistance et al. 1967 ) and baker's yeast (Spiller et al. 1968) are also unable to synthesize ubiquinone from p-hydroxybenzoic acid under anaerobic conditions, indicate an obligatory requirement for atmospheric oxygen for ubiquinone biosynthesis in aerobic organisms. Attempts to prepare cell-free preparations capable ofsynthesizing ubiquinone fromp-hydroxybenzoic acid met with limited success. Purified protoplast membranes of Ps. ovalis Chester were found to be incapable of synthesizing ubiquinone or any of its prenylated precursors, even when supplemented with a fraction from the cytoplasmn. This suiggests that irreparable damage to tlho synthesizing centres occurred during preparation of the membranes. Crude crushed-cell preparations, on the other hand, were found to synthesize ubiquinone and its precursors, although a part of the synthesis can probably be attributed to small numbers of intact cells (2-5%) in the preparations. Raman, Rudney & Buzzelli (1969) encountered similar difficulties in their studies withi R. rubrum. However, they succeeded in overcom-iing thein and obtained a cell-free preparation capable of carrying out the prenylation of p-hydroxybenzoic acid, i.e. the first step in the conversion of this acid to ubiquinone (Schelne 1).
